Five-degrees-of-freedom models that account for uplift, rocking, and sway of the foundation, in addition to horizontal and vertical deformation of the superstructure, were used to study the beneficial effect of foundation uplift to reduce the seismic damage to building structures. The elastic models accounted for geometric nonlinearity and expressed soil-foundation interaction as a function of contact area. The nonlinear models were subjected to a suite of ground motions. The results indicated that the vertical component of ground motions does not significantly affect the horizontal response of the superstructure and that the vertical response of the superstructure is produced primarily by foundation uplift.
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(31) (30) (29) Fig. 7(a) , Fig. 7(b) , (e))������������� (Fig. 8(c) , (Fig. 4(b) Evidence from post-earthquake investigations point to the possibility that some buildings were saved from damage by accidental uplift of the foundation. In order to understand the mechanism of how foundation uplift can affect the dynamic response of buildings, an analytical study was conducted. The conceptual models (see Fig. 1 to 3) comprised two masses and five degrees-of-freedom associated with vertical displacement, rocking, and sway of the foundation, and rocking and vertical deformation of the superstructure. The equation of motion for the model is expressed in Eqs. (9) to (17) . The elastic models incorporated nonlinearity arising from P-delta effects in the superstructure and change in foundation-to-soil contact area. Models with various height-to-width aspect ratios (1 to 5), fundamental vibration periods of the superstructure (0.5 to 2.0 s), and vertical stiffness of the superstructure (25 to 100 times the horizontal stiffness, where 100 was believed to represent actual buildings) were examined.
Eigenvalue analyses were performed to identify the vibration modes for foundation-to-soil contact areas ranging between 10 and 100%, where 100% means the foundation fixed to soil. Subsequently, time history response of the models were computed for 18 ground motions listed in Table 1 . Comparison was made between models that permitted foundation uplift, i.e., the soil and foundation interacted only in compression and within the area in contact, and models whose foundation was fixed to soil. For each ground motion, analysis was performed for two cases: horizontal motion only and vertical-plus-horizontal motion.
The following observations were made from the eigenvalue analyses: (1) In both horizontal and vertical directions, the first vibration mode involves the superstructure and foundation moving in the same direction while the second mode involves motion in opposing directions (see Fig. 5 and 6 ). (2) In the horizontal direction (see Fig. 7 ), as the foundation uplifts, i.e., as the foundation-to-soil contact area reduces, the first mode produces smaller demands in the superstructure, but the second mode becomes increasingly significant. (3) In the vertical direction (see Fig. 8 ), models with small height-to-width aspect ratios are dominated by the first mode regardless of foundation uplift. Models with large aspect ratios are affected by the second mode when the foundation is fixed to soil, but the dominance of the first mode increases with foundation uplift.
The following observations were made from the time history analyses: (4) Regardless of the intensity of vertical motion and for all models considered, the base shear coefficient was reduced by permitting foundation uplift: The reduction was, on average, 30 to 40% for models whose fundamental vibration period is 1.0 s or shorter, and 5 to 20% for models whose fundamental vibration period is longer than 1.0 s (see Fig. 10 ). (5) The addition of vertical ground motion increased the maximum foundation-to-soil contact area by 3 to 5% (see Fig. 11 ). (6) The addition of vertical ground motion changed the maximum horizontal displacement and maximum base shear coefficient by less than 2% (see Fig. 12 and 13 ). (7) Whereas the addition of vertical ground motion increased the maximum vertical displacement for models with a period of 1.0 s by less than 1%, the increase was 8% for models with a period of 2.0 s (see Fig. 14) . (8) In models that experienced foundation uplift, geometric contraction associated with sway of the superstructure and foundation was a larger contributor to vertical displacement than vertical vibration of the superstructure (see Fig. 14(b) ). (9) Wavelet analysis of the time history response (see Fig.   16 and 18) indicated that the second mode of horizontal vibration is excited while the foundation uplifts, which agrees with the eigenvalue analysis shown in Fig. 7 . （2014年 ₃ 月 ₈ 日原稿受理，2014年 ₈ 月11日採用決定）
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